Actin dynamics drive morphological remodeling of neuronal dendritic spines and changes in synaptic transmission. Yet, the spatiotemporal coordination of actin regulators in spines is unknown. Using single protein tracking and super-resolution imaging, we revealed the nanoscale organization and dynamics of branched F-actin regulators in spines. Branched F-actin nucleation occurs at the PSD vicinity, while elongation occurs at the tip of finger-like protrusions. This spatial segregation differs from lamellipodia where both branched F-actin nucleation and elongation occur at protrusion tips. The PSD is a persistent confinement zone for IRSp53 and the WAVE complex, an activator of the Arp2/3 complex. In contrast, filament elongators like VASP and formin-like protein-2 move outwards from the PSD with protrusion tips. Accordingly, Arp2/3 complexes associated with F-actin are immobile and surround the PSD. Arp2/3 and Rac1 GTPase converge to the PSD, respectively, by cytosolic and free-diffusion on the membrane. Enhanced Rac1 activation and Shank3 over-expression, both associated with spine enlargement, induce delocalization of the WAVE complex from the PSD. Thus, the specific localization of branched F-actin regulators in spines might be reorganized during spine morphological remodeling often associated with synaptic plasticity.
Introduction
In the brain, most excitatory postsynapses are located in small membrane extensions called dendritic spines. The morphological remodeling of spines is coupled to changes in synaptic transmission. This constitutes a structural plasticity often associated with learning and memory (Cingolani & Goda, 2008) . Indeed, long-term potentiation and depression are correlated with spine head enlargement and shrinkage, respectively (Matsuzaki et al, 2004; Okamoto et al, 2004; Zhou et al, 2004) . Spines are genuine motile structures both in neuronal cultures and in intact brains (Fischer et al, 1998; Dunaevsky et al, 1999; Lendvai et al, 2000; Berning et al, 2012) . Those movements and morphological remodeling rely on the assembly, stabilization and disassembly of F-actin networks concentrated in spines (Okamoto et al, 2004; Cingolani & Goda, 2008; Honkura et al, 2008; Bosch et al, 2014) .
Essential F-actin regulators are located in spines (Hotulainen & Hoogenraad, 2010) . Among them, regulators of branched F-actin networks critically control spinogenesis, spine morphology, synaptic transmission, synaptic plasticity and cognitive functions. These include not only the Rho-family GTPase Rac1 (Tashiro & Yuste, 2004; Xie et al, 2007; Haditsch et al, 2009; Fortin et al, 2010) , the membrane-associated I-BAR protein IRSp53 (Bockmann et al, 2002; Choi et al, 2005) , but also their downstream targets, the WAVE complex (Kim et al, 2006; Soderling et al, 2007) , a nucleation promoting factor, leading to Arp2/3 complex activation and nucleation of branched F-actin networks (Hotulainen et al, 2009; Korobova & Svitkina, 2010; Kim et al, 2013) . Control of F-actin length in spines is then ensured by elongation factors such as VASP and formins (Hotulainen et al, 2009; Lin et al, 2010) and by capping proteins (Korobova & Svitkina, 2010; Fan et al, 2011) , while F-actin turnover depends on severing proteins such as ADF/cofilin (Gu et al, 2010; Rust et al, 2010; Bosch et al, 2014) . Consistent with a critical role of branched F-actin regulators during synaptic transmission, neurological disorders associated with abnormal spine morphologies are triggered by genetic deregulation of proteins, such as Shank3 and FMRP, which directly interact with subunits of the WAVE and Arp2/3 complexes (Schenck et al, 2003; Durand et al, 2012; De Rubeis et al, 2013; Han et al, 2013) .
Those F-actin regulators also control the formation of membrane protrusions such as the lamellipodium (Hotulainen & Hoogenraad, 2010) , suggesting that assembly and disassembly of branched F-actin networks in spines use similar mechanisms. The spatiotemporal coordination of F-actin regulators in the lamellipodium determines the polarity, architecture and movements of branched F-actin networks (Pollard & Cooper, 2009 ). Nucleation events driven by the WAVE complex and elongation events driven by VASP and forminlike proteins-2 (FMNL2) are all localized at protrusion tips (Rottner et al, 1999; Miki et al, 2000; Breitsprecher et al, 2011; Block et al, 2012) . Consequently, Arp2/3 complexes and actin monomers are incorporated into branched F-actin networks growing against the lamellipodium tip, while ADF/cofilin associates with the entire network inducing F-actin severing (Iwasa & Mullins, 2007; Lai et al, 2008) . This organization leads to a concerted retrograde flow of branched F-actin networks (Pollard & Cooper, 2009 ). However, within micron-size spines, conventional fluorescent microscopy cannot achieve the spatial resolution required to unveil the mechanism of branched F-actin network formation.
Recent studies used super-resolution light microscopy to describe the nanoscale organization of post-synaptic scaffolds and neurotransmitter receptors (Dani et al, 2010; Fukata et al, 2013; MacGillavry et al, 2013; Maglione & Sigrist, 2013; Nair et al, 2013) . In this study, we used single protein tracking (SPT) and super-resolution microscopy (Betzig et al, 2006; Manley et al, 2008 ; Van de Linde et al, 2011; Rossier et al, 2012) to decipher the nanoscale organization and dynamics of branched F-actin regulators within mature spines. Here, we asked whether distinct regulators of branched F-actin are compartmentalized in dendritic spines and how their spatiotemporal coordination determines the formation and movements of branched F-actin networks. We found that the PSD is the convergence zone where proteins involved in branched F-actin nucleation meet with highest probability. In contrast, proteins triggering F-actin elongation are concentrated at the tips of transient membrane protrusions moving away from the PSD. We also demonstrated that this specific organization of F-actin regulators could be modified in concert with changes in spine morphology. Thus, the nanoscale reorganization of branched F-actin regulators could be the basis of spine morphological remodeling driven by F-actin polymerization during structural plasticity and neurological disorders.
Results

F-actin and the Arp2/3 complex are not exhibiting concerted rearward flow in spines
In classical protrusive structures, including lamellipodia of motile cells and neuronal growth cones, F-actin movements are highly polarized rearward, fast and driven by F-actin growth against the tip of membrane protrusions (Ponti et al, 2004; Medeiros et al, 2006; Giannone et al, 2007; Lai et al, 2008) . Strong evidence that F-actin rearward movements in spines are powered by the same mechanism is lacking. Previous studies reported that the velocity of the bulk rearward F-actin flow is slow (Honkura et al, 2008; Frost et al, 2010) . In addition, tracking of individual F-actin revealed both slow rearward and forward movements (Tatavarty et al, 2009 (Tatavarty et al, , 2012 and faster rearward movements (Frost et al, 2010) . Therefore, the exact organization, polarity and dynamics of F-actin networks in spines are still unclear. The Arp2/3 complex is involved in dendritic spine formation, suggesting that the continual nucleation of branched F-actin networks maintains the globular shape of the spine head (Hotulainen et al, 2009; Korobova & Svitkina, 2010; Lippi et al, 2011; Kim et al, 2013) . In order to specifically determine the dynamics of branched F-actin networks, we compared F-actin and Arp2/3 movements in mature spines and growth cones of primary rat hippocampal neurons. We used actin and the ArpC5A subunit of the Arp2/3 complex fused to a photoswitchable mEOS2 fluorescent protein. We performed single protein tracking of Arp2/3 and actin after mEOS2 photoactivation (sptPALM) (Manley et al, 2008) . To measure only the slow mEOS2 movements, we used low-frequency and long-exposure acquisition (2 Hz, 250 ms) as previously described (Tatavarty et al, 2009; Frost et al, 2010) . We analyzed trajectories longer than 4 s and measured start-to-end velocities (resolution > 6 nm s À1 , see Materials and Methods). In the growth cone, actin-mEOS2 and mEOS2-ArpC5A movements were fast and highly polarized rearward ( Fig 1A, B ). Those results were not a bias of the experimental spatial and temporal resolutions. Indeed, F-actin movements in small spine precursors, dendritic filopodia, were polarized rearward and faster than in spines (Fig 1C and D ; actin 34 nm s À1 ). In addition, CD treatment, which stops membrane protrusions in spines (Fischer et al, 1998; Dunaevsky et al, 1999) , decreased the velocity of F-actin movements to the level measured in fixed cells (Fig 1C and D ; actin 14 nm s À1 ). Altogether, those results suggest that in spines, the slow and none polarized motions of branched F-actin networks may not be primarily driven by F-actin growth against protrusion tips.
Spine motility is supported by finger-like protrusions
There is an inverse relationship between the rate of F-actin flow and membrane protrusion (Giannone et al, 2004) . Thus, the slow rate of F-actin and Arp2/3 complex movement implies that F-actin elongation will lead to efficient pushing forces triggering membrane protrusions and spine motility (Fischer et al, 1998; Dunaevsky et al, 1999; Lendvai et al, 2000; Berning et al, 2012) . To determine the shape of membrane protrusions in spines, we acquired singlemolecule-based super-resolution intensity images in live neurons using PALM (Betzig et al, 2006; Shroff et al, 2008) . We used stronger laser illumination and fast acquisition frequency (100 Hz) A Left panels: actin-mEOS2 trajectories acquired using low-frequency (2 Hz) sptPALM sequence in a growth cone (3-4 DIV) (left) and in spines (17-21 DIV) (right). Trajectories are represented by arrowheads starting at the beginning and finishing at the end of tracks. Arrowheads are color-coded to show their directions and superimposed on actin-mEOS2 low-resolution fluorescent image (gray scale). Scale bars, 2 lm (left), 1 lm (right). Right panels: polar histograms of the angular distribution of trajectories in growth cones (left) and dendritic spines (right). B Same as (A) for mEOS2-ArpC5A. C Left panels: same as (A) for actin-mEOS2 in dendritic filopodia (9-11 DIV) (left) and in spines (17-21 DIV) treated with CD (right). Scale bars, 1 lm. Right panel: polar histogram of the angular distribution of trajectories in dendritic filopodia. D Box plots displaying the median (notch) and mean (square) AE percentile (25-75%) of speed distributions. All results for each condition correspond to pooled data from several independent experiments. Spines: actin (19 cells/2,665 trajectories), actin + CD (7/841), actin fixed (5/699), ArpC5A (4/665); filopodia: actin (7/730), actin + CD (6/512); growth cone: actin (11/1,699), actin + CD (4/780), ArpC5A (16/1,565). Where indicated, statistical significance was obtained using two-tailed, nonparametric Mann-Whitney rank sum test. The different conditions were compared with the spine actin condition. Otherwise, a black line indicates which conditions were compared. The resulting P-values are indicated as follows: ns, P > 0.05; ***P < 0.001.
to increase the rate of mEOS2 photobleaching and the frequency of localization. This protocol allowed localizing most mEOS2 molecules more rapidly (~80 s). Fast-moving mEOS2 outlined the spine shape, while confined and immobile mEOS2 accumulated in sub-spine domains (Fig 2) . We used cytosolic mEOS2 as a volume reporter and actin-mEOS2 to localize the entire F-actin network (Fig 2A and Supplementary Fig S1A) . Strikingly,~70% of spines (141/203) that appeared globular or cup shaped when imaged at low resolution are in fact more complex structures composed of several finger-like extensions when imaged using super-resolution.
To determine whether those membrane extensions corresponded to protrusions powered by F-actin polymerization, we imaged F-actin elongators. VASP and FMNL2 elongate F-actin barbed ends and localize at the tips of plasma membrane protrusions including lamellipodia and filopodia (Rottner et al, 1999; Bear et al, 2002; Breitsprecher et al, 2011; Block et al, 2012) . VASP is located in spines and regulates spine morphology and enlargement (Ackermann & Matus, 2003; Lin et al, 2010) , and FMNL2 is strongly expressed in neurons (Gardberg et al, 2010) . Live super-resolution intensity images showed that mEOS2-VASP and FMNL2-mEOS2 accumulated at the tips of the finger-like extensions in spines (Fig 2B and C) . Time-lapse recordings demonstrated that those extensions corresponded to protrusions, lost after CD treatment, and moving forward with velocities close to the ones measured for lamellipodia and filopodia (~60 nm s
À1
; 22 protrusions) (Svitkina et al, 2003; Giannone et al, 2004) (Supplementary Fig S2) . We used direct stochastic optical reconstruction microscopy (dSTORM) (Van de Linde et al, 2011) and demonstrated that endogenous VASP and FMNL2 were also enriched at the tips of finger-like protrusions in spines ( Supplementary Fig S1B and C) . Thus, spine motility is supported by multiple finger-like protrusions driven by the polarized elongation of F-actin barbed ends.
F-actin elongators delocalize outwards from the PSD while nucleation factors localize at the PSD To examine the distribution of F-actin elongators relative to the PSD, we performed sequential dual-color super-resolution microscopy using PALM for mEOS2-VASP and dSTORM for endogenous PSD-95 (Fig 3A) . We quantified the scattering of PSD-95 within spines by measuring the distances of each detection from the centroid of all detections (see Materials and Methods). PSD-95 detections displayed low scattering within the spines (185 nm) and were mainly grouped into a single domain (long/short axis, 269/114 nm; see Materials and Methods) (Fig 3D and E) . Consistent with live experiments, mEOS2-VASP invariably formed nano-domains (111/ 66 nm) at the tip of the finger-like protrusions (Fig 3A and D) . Distances of mEOS2-VASP detections from the centroid of PSD-95 showed that VASP was mainly localized away from the PSD-95 domain (383 nm; Fig 3E) . Thus, VASP-mediated elongation of F-actin barbed ends is frequently directed outwards from the PSD.
Working hypotheses on F-actin dynamics in spines were built in analogy with the lamellipodium (Hotulainen & Hoogenraad, 2010) . In this structure, the WAVE complex that activates Arp2/3-mediated nucleation is localized, like VASP and FMNL2, at the tip of membrane protrusions (Miki et al, 2000; Innocenti et al, 2004; Steffen et al, 2004) . The same organization in dendritic spines would imply that the WAVE complex is also localized at the tip of membrane protrusions. The WAVE complex is stable and composed of five proteins: WAVE, Abi, Nap, Brick and Sra (Gautreau et al, 2004; Lebensohn & Kirschner, 2009 ). WAVE and Abi1 are located in spines (Proepper et al, 2007; Soderling et al, 2007) , consistent with the involvement of the WAVE complex in shaping dendritic spine morphology, synaptic plasticity and behavior (Soderling et al, 2003 (Soderling et al, , 2007 Kim et al, 2006) . We used mEOS2-Abi1 to determine the subspine localization of the WAVE complex. Surprisingly, dual-color PALM/dSTORM experiments demonstrated that mEOS2-Abi1 detections formed a domain having the same size (248/112 nm) and overlapping with the PSD-95 domain (Fig 3B, D and E) . Likewise, live super-resolution intensity images showed that mEOS2-Abi1 was not localized at protruding tips, but clustered into a single domain ( Supplementary Fig S3A and D) . Since Abi1 could also be part of other protein complexes (Proepper et al, 2007) , we performed experiments using Nap1, another subunit of the WAVE complex, to further support the nanoscale organization of the WAVE complex. Live super-resolution intensity images and dual-color PALM/ dSTORM experiments demonstrated that mEOS2-Nap1, like mEOS2-Abi1, was not localized at protruding tips, but also clustered into a single central domain having the same size and overlapping with Supplementary Figs S3 and S5) . Endogenous WAVE proteins, imaged using dSTORM, also displayed clusterization within the spine (Supplementary Fig S4A) .
IRSp53, which binds and regulates the WAVE complex, also localizes at the tip of lamellipodia and filopodia (Miki et al, 2000; Nakagawa et al, 2003; Suetsugu et al, 2006) . This membrane and F-actin binding protein encompasses an I-BAR domain binding to outwardly curved membrane protrusions (Scita et al, 2008) . IRSp53 is concentrated in spines and regulates spine morphology (Bockmann et al, 2002; Choi et al, 2005) . Live super-resolution intensity images and dual-color PALM/dSTORM experiments demonstrated that mEOS2-IRSp53 also formed a single domain co-localizing with PSD-95 ( Supplementary Fig S6) . These results suggest that a membrane domain apposed to the PSD is targeted by IRSp53 and the WAVE complex and is involved in the initiation of branched F-actin networks.
In lamellipodia, the Arp2/3 complex is incorporated in F-actin networks at the tip of membrane protrusions and flows inward from the tip (Iwasa & Mullins, 2007; Lai et al, 2008) . The co-localization of PSD-95, the WAVE complex and IRSp53 at the center of the spine, together with the slow and unpolarized motions of branched F-actin networks (Fig 1) , suggested that Arp2/3 nucleation is not occurring at protrusion tips in spines. Indeed, experiments performed with mEOS2-ArpC5A showed that Arp2/3 is forming multiple nanodomains (97/63 nm) partially over-lapping with Supplementary Figs S3 and S4) . Altogether, our data support a model where branched F-actin networks are nucleated at or close to the PSD, providing barbed ends that are then elongated outwards from the PSD. This segregation clearly differs from the lamellipodium, where branched actin network nucleation and elongation both occur at the protrusion tip. The EMBO Journal Nanoscale organization of actin regulators in spines Anaël Chazeau et al the WAVE complex, IRSp53, acidic phospholipids (PIP3) and prenylated, GTP-bound Rac (Miki et al, 2000; Lebensohn & Kirschner, 2009; Chen et al, 2010) . While super-resolution imaging allowed us to reveal the nanoscale organization of actin regulators, studying fast molecular dynamics is required to understand their coordination within spines. To determine the sequence of molecular events leading to Arp2/3 activation, we performed high-frequency sptPALM acquisition (20 Hz) to characterize the diffusive properties of actin regulators (Rossier et al, 2012) . We reconstructed and analyzed thousands of trajectories of mEOS2-fused proteins in dendritic spines and shafts (Fig 4) . For trajectories lasting more than 650 ms (> 13 points), we computed the mean-squared displacement (MSD), which describes the diffusion properties of a molecule. We sorted trajectories according to their diffusion modes (immobile, confined, free-diffusive; Fig 4B and H) and extracted the diffusion coefficients (D) (Fig 4G and I, Supplementary Table S1 , see Materials and Methods) (Rossier et al, 2012) . Within the spatial resolution of our experiments (~55 nm), all molecules with a D inferior to 0.004 lm 2 s À1 are classified as immobile.
The distribution of D showed that mEOS2-ArpC5A molecules were mainly immobile in spines (Fig 4G and H, 57 AE 3%) , the remaining ones displaying either free-diffusion (Fig 4H and I, 19 Table S1 ). The distribution of D for actin-mEOS2 was similar to that of Arp2/3 complex (Fig 4C, D and G) , displaying a large fraction of immobilization in spines (56 AE 2%) ( Fig 4H) . These immobilization events correspond to fluorescent signals acquired using low-frequency acquisition (2 Hz) (Fig 1) and to nano-domains of Arp2/3 located on and around the PSD (Fig 3) . Disruption of F-actin using Latrunculin A (LatA) induced loss of actin-GFP and GFP-ArpC5A accumulation in spines without disassembly of Homer1C-DsRed, used as a PSD reporter ( Supplementary Fig S7A and B) . LatA treatment induced a redistribution of D toward faster diffusions and lowered the fractions of immobilization for Arp2/3 complex and actin . Diffusion properties in LatA conditions tended toward values measured for cytosolic mEOS2 (Fig 4E-I and Supplementary Table S1 ), but did not reach the fast free-diffusion and low fraction of immobilization measured for mEOS2 anchored to the inner leaflet of the plasma membrane (mEOS2-CAAX ; Fig 5E-I and Supplementary Table S1 ). Thus, in spines, Arp2/3 complexes are mainly incorporated into the F-actin network or freely diffusing in the cytosol as a dynamic pool readily available for new nucleation events. Our data show that Arp2/3 reaches the WAVE complex directly from the cytosol and not from the membrane as suggested for the lamellipodium of Xenopus XTC cells (Millius et al, 2012) .
Abi1, Nap1 and IRSp53 are associated with confined components of the PSD Association of the WAVE complex and IRSp53 with the plasma membrane coincides with Arp2/3 complex activation (Miki et al, 2000; Scita et al, 2008; . To study the diffusion properties of WAVE complex subunits in spines, we performed sptPALM experiments using mEOS2-Abi1 and mEOS2-Nap1 ( Table S1 ). Distributions of D were shifted toward faster diffusion compared to F-actin and Arp2/3 ( Fig 5G; Supplementary Fig S5E; Supplementary Table S1 ). Both in shafts and in spines, the fractions of immobilized mEOS2-Abi1 and mEOS2-Nap1 were lower, and the fractions of confined and free-diffusion were larger ( Fig 5H; Supplementary Fig  S5F; Supplementary Table S1 ). In contrast to Arp2/3, which displayed transient immobilizations continually relocating in the spine, many confined and immobile mEOS2-Abi1 trajectories were detected in the same area ( Fig 5B, Supplementary Fig S9A and B) . Thus, those results suggest that the WAVE complex is retained in a confinement zone forming a long-lasting domain overlapping with the PSD. In spines, IRSp53 displayed almost the same dynamics and subspine localization than WAVE complex subunits. Many confined trajectories formed a long-lasting domain of IRSp53 co-localizing with the PSD (Supplementary Figs S6 and S9C ). In addition, mEOS2-IRSp53 displayed diffusion properties similar to mEOS2-Abi1 and mEOS2-Nap1 (Fig 5G-I, Supplementary Fig S5E-G) , indicating that IRSp53 is confined in the same membrane domain. LatA treatment did not induce loss of Abi1 or IRSp53 accumulation in spines, which remained associated with the PSD ( Supplementary Fig S7C and D) , demonstrating that their recruitment in spines is not mediated by interactions with F-actin networks. A Dual-color super-resolution images using sequential PALM and dSTORM of, respectively, mEOS2-VASP (left) and endogenous PSD-95 labeled with Alexa647 (PSD-95-A647; middle) in a fixed neuron. Merge (right). Scale bars, 1 lm. Left insets: fluorescence image of mEOS2-VASP (upper panel) and PSD-95-A647 (lower panel). Right insets: merge PALM/dSTORM of the spines highlighted by stars in the merged image. Scale bars (insets), 500 nm. Arrowheads indicate VASP accumulations at protrusion tips. Dotted lines were manually added to distinguish spine outlines and shafts. B Same as (A) for dual-color mEOS2-Abi1 and PSD-95-A647. Arrowheads indicate Abi1 domain. C Same as (A) for dual-color mEOS2-ArpC5A and PSD-95-A647. Arrowheads indicate examples of Arp2/3 nano-domains. D Box plots displaying the median (notch) and mean (square) AE percentile (25-75%) of domain size for mEOS2-VASP (yellow, 5 cells, 53 spines, 402 domains), mEOS2-Abi1 (dark green, 4 cells, 36 spines, 39 domains), mEOS2-Nap1 (green, 4 cells, 46 spines, 46 domains), mEOS2-ArpC5A (red, 3 cells, 25 spines, 156 domains) and PSD-95-A647 (dark red, 16 cells, 145 spines, 157 domains). Long axis (solid box), short axis (open box). The dotted line corresponds to the size of isolated mEOS2 measured using Gaussian fitting (see Materials and Methods). Where indicated, statistical significance was obtained using non-parametric, two-tailed Mann-Whitney rank sum test; the different conditions were compared with the long axis of VASP condition. Otherwise, a black line indicates which conditions were compared. The resulting P-values are indicated as follows: ns, P > 0.05; *P < 0.05; ***P < 0.001. E Box plots displaying the median and mean of distance distribution from the PSD-95 centroid for mEOS2-VASP (yellow, 5 cells, 42 spines, 7,653 detections), mEOS2-Abi1 (dark green, 4 cells, 44 spines, 6,749 detections), mEOS2-Nap1 (green, 4 cells, 61 spines, 7,377 detections), mEOS2-ArpC5A (red, 3 cells, 25 spines, 3,922 detections) and PSD-95-A647 (dark red, 16 cells, 162 spines, 20,249 detections). Where indicated, statistical significance was obtained using non-parametric, two-tailed MannWhitney rank sum test; the different conditions were compared with the VASP condition. Otherwise, black lines indicate which conditions were compared. The resulting P-values are indicated as follows: **P < 0.01; ***P < 0.001. The EMBO Journal Nanoscale organization of actin regulators in spines Anaël Chazeau et al PSD-95 recruitment and nanoscale organization at the PSD also requires its association with the membrane through palmitoylation (Craven et al, 1999; Sturgill et al, 2009; Fukata et al, 2013; Zhang et al, 2014) . The diffusive properties of mEOS2-PSD-95 in spines were similar to Abi1, Nap1 and IRSp53 (Fig 5C, D , G-I), being also dominated by a long-lasting domain of confined and immobile trajectories ( Supplementary Fig S9D) , suggesting that those proteins are sequestered in the same membrane domain. Glutamate AMPA receptors (GluA) are recruited to the PSD by a diffusion/immobilization mechanisms (Bats et al, 2007) . However, in contrast to Abi1, Nap1, IRSp53 and PSD-95, GluA receptors form long-lasting nanodomains composed of only immobilized receptors partially overlapping with PSD-95 . Thus, the membrane apposed to the PSD, like the lamellipodium tip, could be a domain where IRSp53 and the WAVE complex are confined, regulating or mediating Arp2/3 activation.
Rac1 reaches the PSD by membrane free-diffusion
In agreement with the involvement of Arp2/3 in determining the shape of dendritic spines, gain and loss of the Rac1 GTPase activity induce, respectively, spine growth and shrinkage and are also correlated with enhanced and decreased motility (Tashiro & Yuste, 2004) . Rac1 is targeted to the plasma membrane where it activates the WAVE complex and consequently Arp2/3-dependent nucleation (Lebensohn & Kirschner, 2009; Chen et al, 2010) . Accordingly, the diffusive properties of mEOS2-Rac1 in spines and shafts were almost identical to mEOS2-CAAX (Fig 6A, B , G-I and Supplementary Table S1), showing that Rac1 was freely diffusing at the membrane. The higher fraction of free-diffusion and faster free-diffusion of mEOS2-Rac1 in spines compared to WAVE complex subunits and IRSp53 is surprising given their direct interactions (Suetsugu et al, 2006) . Those results suggested either that Rac1 binding to the WAVE complex is faster than our acquisition frequency or that such events are infrequent. To increase Rac1 activation, we used a constitutively active mutant, mEOS2-Rac1-Q61L, which is locked in the GTP-bound state. Strikingly, mEOS2-Rac1-Q61L was strongly immobilized both in spines and in shafts (Fig 6C and D) . Distributions of D were shifted toward slower diffusion, fractions of immobilization were increased close to values measured for F-actin and Arp2/3 complex, and free-diffusions were drastically slowed down (Fig 6G-I) . Thus, Rac1 activation is correlated with Rac1 membrane immobilization, only detectable in our experimental conditions when Rac1 is locked in its active state. A dominant-negative mutant, mEOS2-Rac1-T17N, exhibited the same diffusive properties as wildtype Rac1 (Fig 6E-I) . Nevertheless, expression of mEOS2-Rac1-T17N induced the transformation of spines into filopodia-like structures (Fig 6E) , indicating that even transient Rac1 immobilizations and activations are critical to maintain the globular spine shape. Thus, these results indicate that Rac1 reaches the membrane apposed to the PSD through membrane free-diffusion to transiently bind its targets such as the WAVE complex.
Dendritic spine enlargement is associated with delocalization of Abi1 from the PSD Spine morphological remodeling is triggered by changes in F-actin polymerization (Okamoto et al, 2004) and may thus be associated with reorganization of F-actin regulators within spines (Park et al, 2012; Bosch et al, 2014) . To test this hypothesis, we induced spine enlargement by enhancing Rac1 or Shank3 functions. We co-transfected constitutively active Rac1-Q61L with proteins fused to mEOS2, and performed sequential dual-color PALM/dSTORM experiments. Over-expression of cerulean-Rac1-Q61L induced profound morphological alterations of spines, being either transformed into large spines (Fig 7A) (Tashiro & Yuste, 2004) or merged into lamellipodia-like extensions (Supplementary Fig S10) . Strikingly, mEOS2-Abi1 was still present in spines but delocalized from the PSD-95 (Fig 7A and C) . In lamellipodia-like structures, mEOS2-Abi1 and mEOS2-VASP localized to the tip of membrane extensions, matching their organization in lamellipodia (Supplementary Fig  S10) . Shank3 is a PSD scaffold that directly interacts with a Rac1 activator and subunits of the Arp2/3 and WAVE complexes (Han et al, 2013) . Its over-expression in neurons induces spine enlargement and enhanced F-actin content in spines (Sala et al, 2001; Durand et al, 2012; Han et al, 2013) . We found that Shank3-GFP over-expression also triggered redistribution of mEOS2-Abi1 away from the PSD-95 (Fig 7B and C) . Thus, our data suggest that in resting conditions, a critical upstream activator of Arp2/3, the WAVE complex, is sequestered close to the PSD preventing the formation of large protrusions (Fig 8) . However, transient or long-lasting delocalization of the WAVE complex from the PSD could promote Arp2/ 3 activation and F-actin elongation throughout the spine, thereby triggering morphological remodeling. H, I Fraction of diffusive, confined and immobile populations in spines (left) and shafts (right), mean AE SEM for cells (H). Diffusion coefficients (D) for free-diffusive trajectories in spines (left) and shafts (right) were represented by box plots (I) displaying the median (notch) and mean (square) AE percentile (25-75%). All results for each condition correspond to pooled data from several independent experiments (cells/trajectories): ArpC5A (11/11,097), ArpC5A + LatA (6/4,464), actin (4/6,113), actin + LatA (4/3,807) and cytosolic (3/1,700). Where indicated, statistical significance was obtained using two-tailed unpaired t-test for fractions of immobilization (H) or non-parametric, two-tailed Mann-Whitney rank sum test for diffusion coefficient (I). For spines and shafts, the different conditions were compared with the respective ArpC5A condition. Otherwise, a black line indicates which conditions were compared. The resulting P-values are indicated as follows: ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. 
H, I Fraction of diffusive, confined and immobile populations in spines (left) and shafts (right), mean AE SEM for cells (H). Diffusion coefficients (D)
for free-diffusive trajectories in spines (left) and shafts (right) were represented by box plots (I) displaying the median (notch) and mean (square) AE percentile (25-75%). All results for each condition correspond to pooled data from several independent experiments (cells/trajectories): Abi1 (7/11,885), IRSp53 (5/17,974), 963) and CAAX (3/3,549). Where indicated, statistical significance was obtained using two-tailed unpaired t-test for fractions of immobilization (H) or non-parametric, twotailed Mann-Whitney rank sum test for diffusion coefficient (I). For spines and shafts, the different conditions were compared with the respective Abi1 condition. Otherwise, a black line indicates which conditions were compared. The resulting P-values are indicated as follows: ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. The EMBO Journal Nanoscale organization of actin regulators in spines Anaël Chazeau et al
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Discussion
We present evidence to support a precise spatial segregation between regulators triggering nucleation and elongation of branched F-actin networks within dendritic spines. We also demonstrate that this nanoscale organization of F-actin regulators could be modulated in concert with changes in spine morphology. Our results identify the PSD as a critical organizing center of branched F-actin regulators in spines. Thus, the spatiotemporal control of interaction between PSD components and F-actin regulators might be at the basis of actin remodeling often associated with synaptic plasticity and abnormal spine morphologies in neurological disorders. The architecture and polarity of F-actin networks in spines are still undefined. First, ensemble measurement using fluorescence A Nucleation and elongation are not colocalized in dendritic spines. Nucleation of branched F-actin networks occurs close to the PSD, which is consistent with Arp2/3 complex immobilizations distributed around the PSD, and the co-localization of WAVE complex subunits and IRSp53 with PSD-95. However, growing F-actin barbed ends (+) are located at the tips of membrane protrusions, where elongation of F-actin is catalyzed by VASP and FMNL2. In this model, elongation from immobile Arp2/3 close to the PSD will not generate a concerted fast rearward flow of Arp2/3 complex and F-actin in spines. B The PSD is the convergence zone where proteins triggering branched F-actin nucleation meet with the highest probability. The PSD is a persistent confinement zone for the WAVE complex and IRSp53. Rac1 GTPase reaches the PSD by membrane free-diffusion, its immobilization being correlated with its activation. Arp2/3 reaches the vicinity of the PSD by cytosolic free-diffusing where it becomes immobilized in F-actin networks. Anaël Chazeau et al Nanoscale organization of actin regulators in spines The EMBO Journal recovery after photobleaching or photoactivation showed that F-actin in spines is composed of dynamic and stable pools (Star et al, 2002; Honkura et al, 2008) . Therefore, a unique polarity is probably unlikely. Second, electron microscopy (EM) micrographs, based on thin spine sectioning, gave an incomplete picture of F-actin networks. Those studies often focused on F-actin and actin binding proteins localized in the spine cytoplasm between the PSD and the shaft (Rácz et al, 2013) . Within this region, early EM studies showed that F-actin barbed ends could contact the PSD, implying that pointed ends are directed toward the shaft (Fifkova & Delay, 1982) . This orientation is consistent with F-actin movements directed from the PSD toward the shaft (Frost et al, 2010) . However, EM micrographs also demonstrated the existence of thin protrusions emerging from the spine head named spinules (Spacek & Harris, 2004 ) that could correspond to F-actin membrane protrusions (Edwards, 1998; Fischer et al, 1998; Izeddin et al, 2011; Berning et al, 2012; Ueda & Hayashi, 2013) . Our data reveal that finger-like protrusions responsible for spine motility are powered by the polarized elongation of F-actin barbed ends away from the PSD. Increased or decreased Rac1 activity induced the conversion of spines into non-motile or lamellipodia-like structures, respectively, supporting the hypothesis that spine protrusions are emerging from elongation of branched F-actin networks. Nucleation and elongation of F-actin are co-localized at the lamellipodium tip, triggering an inward growth of branched F-actin networks. The location of the WAVE complex, IRSp53, VASP, FMNL2 and fast-growing F-actin barbed ends at protrusion tips supports that model (Lanier et al, 1999; Rottner et al, 1999; Nakagawa et al, 2003; Iwasa & Mullins, 2007; Lai et al, 2008; Block et al, 2012) . Our results provide evidence that in spines, elongation and nucleation zones are not co-localized (Fig 8A) . The tips of actindriven membrane protrusions are enriched in VASP and FMNL2, indicating that they contain fast-growing F-actin barbed ends. However, the WAVE complex subunits Abi1 and Nap1 along with IRSp53 are retained close to the PSD. In addition, Arp2/3 complex immobilizations on F-actin networks are partially co-localizing with the PSD. Consistent with retention close to the PSD, Abi1, IRSp53 and Arp2/3 are directly and indirectly binding to PSD components, including CAMKII, Shank1, Shank3 and PSD-95 (Bockmann et al, 2002; Hering & Sheng, 2003; Choi et al, 2005; Proepper et al, 2007; Park et al, 2012; Han et al, 2013) . Elongation from immobile Arp2/3 close to the PSD will not generate a concerted, fast rearward flow of Arp2/3 complex and F-actin, consistent with our results and previous studies on actin dynamics (Tatavarty et al, 2009 (Tatavarty et al, , 2012 . Nevertheless, this is not in disagreement with studies describing slow rearward movements of F-actin in spines (Honkura et al, 2008; Frost et al, 2010) . Indeed, those backward movements might result either from F-actin severed from protrusions that could be recycled at the spine center to prime new nucleation events (Achard et al, 2010) or from protrusions ruffling back to the spine center (Berning et al, 2012) . Consistent with the absence of a fast, concerted F-actin flow, a significant fraction of F-actin photoactivated at the spine apex remained at its initial position tens of seconds after photoactivation (Honkura et al, 2008) , as opposed to similar experiments performed in the lamellipodium (Lai et al, 2008) . This opposite organization compared to classical protrusive structures might rely on specific biophysical properties of the PSD.
In contrast to nucleation zones moving with protrusion tips, the membrane juxtaposed to the PSD could represent a stationary nucleation zone, held in place by synaptic components such as scaffolding and adhesion proteins (Sheng & Hoogenraad, 2007) . The demonstration of a direct interaction between the synaptic adhesion proteins Neuroligins and the WAVE complex reinforces our model (Chen et al, 2014) . Furthermore, the densely packed PSD architecture (Sheng & Hoogenraad, 2007) could be a physical barrier forcing F-actin barbed ends to grow away. Consistent with this hypothesis, an in vitro reconstituted system demonstrated that F-actin branched networks could elongate with barbed ends growing away from a nucleating surface (Achard et al, 2010) . Thus, we propose that in spines, branched F-actin networks are nucleated close to the PSD and elongate away from the PSD (Fig 8A) .
Activation of the Arp2/3 complex is the final step of synchronized events occurring at the membrane and involving prenylated Rac-GTP, PIP3, the WAVE complex and IRSp53 (Miki et al, 2000; Lebensohn & Kirschner, 2009; Chen et al, 2010) . Our study demonstrates that the zone of highest convergence between major effectors of Arp2/3 activation is the membrane juxtaposed to the PSD (Fig 8B) . Several results suggest that IRSp53 and the WAVE complex are confined in the same membrane domain in spines.
On the contrary to Arp2/3 that is immobilized in nano domains, IRSp53 and the WAVE complex subunits Abi1 and Nap1 are concentrated in a stable domain overlapping with PSD-95 and display a large fraction of confined diffusion. These diffusive properties are shared by PSD-95, which directly interacts with IRSp53 and also requires membrane targeting to fulfill its functions (Craven et al, 1999; Choi et al, 2005; Scita et al, 2008; Sturgill et al, 2009; Fukata et al, 2013; Zhang et al, 2014) . Furthermore, Abi1 and IRSp53 are retained at the PSD after F-actin network disruption. Free-diffusion on the membrane was reported for WAVE2 and Arp2/3 in the lamellipodium of Xenopus XTC cells, which could increase the probability of their association (Millius et al, 2012) . However, our results support the view that in neurons, Arp2/3 is reaching the PSD domain directly by free-diffusion from the cytosol. Since WAVE complex and IRSp53 oligomerization were proposed to increase Arp2/3-dependent nucleation , their concentration at the PSD could constitute a docking site for efficient Arp2/3 activation. Experiments using constitutively active Rac1-Q61L showed that Rac1 activation is correlated with its immobilization, in agreement with a recent study performed on adhesion sites of motile cells (Shibata et al, 2013) . The large fraction of fast membrane free-diffusion for Rac1 wild-type compared to Abi1 and Nap1 suggests that Rac1 interacts only transiently with the WAVE complex, consistent with their low binding affinity Koronakis et al, 2011) . Therefore, Rac1 could diffuse in the membrane apposed to the PSD to transiently bind and activate stationary or confined WAVE complexes. Altogether, our results indicate that in spines, the PSD behaves as an organizing center of branched F-actin nucleation.
Changes in spine shape occur at different timescales, from the long-lasting morphologies acquired during developmental spine maturation (Govek et al, 2005; Charrier et al, 2012) to the acute remodeling that occur during synaptic plasticity (Matsuzaki et al, 2004) . Importantly, abnormal spine maturation and morphologies are often associated with neurological disorders and genetic (Schenck et al, 2003; Govek et al, 2005; Penzes et al, 2011; Durand et al, 2012; Han et al, 2013; De Rubeis et al, 2013) . Our results show that long-lasting enhancement of Rac1 or Shank3 functions, which trigger spine enlargement, is correlated with delocalization of the WAVE complex from the PSD. However, acute activation of F-actin regulatory proteins is also necessary to trigger and maintain spine enlargement during structural synaptic plasticity (Okamoto et al, 2009; Bosch et al, 2014) . Rho GTPases including RhoA, Cdc42 and Rac1 are at the convergence of various signaling pathways triggered by CAMKII following enhanced synaptic activity (Murakoshi et al, 2011) . Our results show that WAVE complex subunits and IRSp53, which operate in Rac1 signaling to Arp2/3, are sequestered close to the PSD where they are ideally located to be efficiently modulated by changes in synaptic activity. Accordingly, in resting conditions, CAMKII interacts with Abi1 resulting in a mutual inhibition. Active CAMKII phosphorylates and releases Abi1, which as part of the WAVE complex is then available to potentially activate Arp2/3 (Park et al, 2012) . In addition, inactive CAMKII bundles and stabilizes F-actin, while its activation disrupts their association, allowing enhanced F-actin remodeling (Okamoto et al, 2007; Lin & Redmond, 2008) . Importantly, increased recruitment and transient activation of cofilin occur in spines during the first phase of LTP, allowing a short time window for F-actin remodeling (Bosch et al, 2014) . Thus, it is plausible that alteration of spine morphology could rely on the long-lasting or transient nanoscale relocalization of branched F-actin regulators, for example, the WAVE complex, leading to remodeling of the entire dendritic spine structure. Yet, the precise sequence of molecular events leading to reorganization of F-actin regulators within spines during synaptic plasticity or neurological disorders remains an open question. Nevertheless, our findings on the dynamic organization of branched F-actin regulators provide a framework to unravel the molecular mechanisms triggering remodeling of F-actin architecture during changes of spine morphology.
Materials and Methods
Cell culture
Preparation of cultured neurons was performed as previously described (Mondin et al, 2011) . Dissociated hippocampal neurons from 18-day-old rat (Sprague Dawley) embryos were cultured on glass coverslips following the Banker protocol. The experimental ethical committee of Bordeaux examined and validated our protocol (N°330110002-A). Neurons were transfected using Effectene (Qiagen) at 7 days in vitro (DIV) for spines and for filopodia experiments. For experiments performed on growth cones, neurons were transfected by nucleofection at the time of plating (Nucleofector TM II Device, Lonza Cologne GmBH, Germany). Experiments were performed at 17-21 DIV for mature dendritic spines, 9-11 DIV for dendritic filopodia and 3-4 DIV for growth cones. mEOS2-Abi1, mEOS2-Nap1, mEOS2-ArpC5A, mEOS2-CAAX, mEOS2-IRSp53, mEOS2-Rac1, mEOS2-Rac1-Q61L, mEOS2-Rac1-T17N and mEOS2-VASP were generated by PCR of the coding DNA sequence of the corresponding protein and inserted in the pcDNAm-FRT-PC-mESO2 blue at the FseI/AscI site. GFP-ArpC5A and GFP-Abi1 were generated by PCR of the coding DNA sequence of the corresponding protein and inserted in the pcDNAm-FRT-PC-GFP blue at the FseI/ AscI site. The human FMNL2-mEOS2 construct was generated by replacing the GFP of the FMNL2-GFP (pEGFP-N1) (Block et al, 2012) by mEOS2 at the AgeI/NotI sites, and mEOS2 fragment was obtained by PCR on PrSet-A mEOS2 (Addgene). Cerulean-Rac1-Q61L was generated by PCR of Rac1-Q61L, which was inserted in pEGFP-C1 (Clonetech) at the BglII/KpnI sites, and then GFP was replaced by cerulean at NheI/BglII sites. Actin-mEOS2 construct was generated as described before (Rossier et al, 2012) . mEOS2-PSD-95 and Homer-1c-DsRed were, respectively, subcloned from PSD95-EGFP and Homer1c:GFP as described previously (Mondin et al, 2011) . GFP-VASP (Rottner et al, 1999) was provided by Juergen Wehland (German Research Center for Biotechnology, Germany). Shank3-GFP was a gift from Nathalie Sans (Neurocentre Magendie, Bordeaux, France). The fidelity of all constructs was verified by sequencing.
Immunostaining
Neurons transfected with the appropriate construct were fixed for 10 min in warm 4% paraformaldehyde and 4% sucrose in PBS. Remaining active sites were saturated with 50 mM NH 4 Cl in PBS for 15 min. For intracellular labeling, neurons were permeabilized 5 min with 0.1% of Triton X-100 (Sigma-Aldrich), washed with PBS and incubated with PBS containing 1% BSA for 30 min. For endogenous labeling of PSD95, neurons were incubated with mouse anti-PSD95 antibody (MA1-046, Thermo Fisher Scientific, USA, used at 2 lg ml À1 ) for 30 min at room temperature and washed with PBS and S9). For high-frequency localization of mEOS2 fused proteins, we used 561 nm higher-power laser illumination (7-8 kw cm À2 ) and 100 Hz streaming acquisition (Fig 2 and Supplementary Figs S1A, S2 and S3). Quantification of actin-mEOS2 and mEOS2-ArpC5A flow were performed at low-frequency acquisition (2 Hz) with longexposure time (250 ms) and low power 561 nm laser illumination (1.5 kw cm À2 ) to only capture mEOS2 slow movements (Fig 1) . To test the phototoxicity of sptPALM acquisitions, we verified that spine motility was preserved at the end of experiments. Diffractionlimited fluorescence images of mEOS2 and GFP constructs were imaged using a conventional GFP filter cube (ET470/40, T495LPXR, ET525/50, Chroma). We used multicolor fluorescent 100-nm beads (Tetraspeck, Invitrogen) as fiducial markers to register long-term acquisitions and correct for lateral drifts.
Single-molecule localization and tracking
sptPALM experiments lead to sets of 8,000-20,000 images per cell, analyzed by dedicated custom-made image analysis software in order to extract molecule localization and dynamics. Fluorescent single molecules were localized and tracked over time using a combination of wavelet segmentation and simulated annealing algorithms (Racine et al, 2006 (Racine et al, , 2007 Izeddin et al, 2012; Rossier et al, 2012; Kechkar et al, 2013) operating as a plug-in inside MetaMorph software (Molecular Devices). Under the experimental conditions described above, the resolution of the system was quantified tõ 55 nm (full width at half maximum, FWHM). This spatial resolution depends on the molecule's signal to noise ratio and the segmentation algorithm (Cheezum et al, 2001 ) and was determined using fixed mEOS2 samples. We analyzed hundreds of two-dimensional distributions of single-molecule positions belonging to long trajectories (> 30 frames) by bi-dimensional Gaussian fitting, the resolution being determined as 2.3r xy , where r xy is the pointing accuracy. For the trajectory analysis, spines and shafts were identified manually in the corresponding super-resolution intensity images. The corresponding regions of interest were used to sort single particle data analyses to specific regions.
We analyzed trajectories lasting at least 13 points (> 650 ms) with a custom routine (Matlab, Matworks) using the mean-squared displacement (MSD) computed as (equation 1):
where x i and y i are the coordinates of the label position at time iÁDt. We defined the measured diffusion coefficient D as the slope of the affine regression line fitted to the n = 1-4 values of the MSD (nÁDt). The MSD was computed and then fitted on a duration equal to 80% (minimum of 10 points, 500 ms) of the whole stretch by (equation 2): To separate trajectories displaying free-diffusion from confined diffusion, we used the time constant s calculated for each trajectory. Confined and free-diffusing trajectories were defined as trajectories with a time constant s, respectively, inferior and superior to half the time interval used to compute the MSD (250 ms).
Note that with the acquisition frequency and oblique illumination used in our experiments, it is impossible to reconnect trajectories lasting at least 650 ms (> 13 points) for a protein freely diffusing in 3D within the cytosol. In the case of a mEOS2 alone, trajectories that can be reconstructed correspond mainly to a low fraction of mEOS2 non-specifically interacting with membrane components. Therefore, counter intuitively, a mEOS2 alone freely diffusing in the cytosol will result in a distribution of D further shifted toward slower D compared to a protein freely diffusing on the membrane: compare Fig 4G-I (cyto, purple) and Fig 5G-I  (CAAX, magenta) .
For flow measurements of actin-mEOS2 and mEOS2-ArpC5A in spines, filopodia and growth cones, localization and tracking were performed as described above for streaming acquisition. We analyzed trajectories longer than eight points (4 s), giving a minimal resolution of 6 nm s À1 (55 nm/2.3/4 s). A custom routine (Matlab, Matworks) calculated the start to end distance (nm), the duration (sec) and the corresponding speed (nm s À1 ) of trajectories.
Dual-color sequential dSTORM/PALM
Fixed and stained neurons were imaged at room temperature in a closed Ludin chamber (Life Imaging Services) mounted on an inverted motorized microscope (Nikon Ti) equipped with a 100x1.45NA PL-APO objective and a perfect focus system, allowing long acquisition in oblique illumination mode. Imaging was performed in a solution (water, glucose, glycerol) containing reducing (aliphatic thiols) and oxygen scavengers (glucose oxydase). For dSTORM, ensemble fluorescence of Alexa647 was first converted into dark state using a 640 nm laser at 30-50 kw cm À2 intensity.
Once the ensemble fluorescence converted into the desired density of single molecules per image, the laser power was reduced to 7-15 kw cm À2 and streaming acquisition was performed at 50-100 Hz for 20,000 frames. The density of single molecules per frame was controlled by using a 405 nm laser (Omicron, Germany). The laser powers were adjusted to keep a specific optimal level of stochastically activated molecules which were well separated during the acquisition using an automatic feedback control (Kechkar et al, 2013) . PALM streaming sequences of the mEOS2 construct (50-100 Hz for 20,000 frames) was performed right after the dSTORM sequence using a 561 nm laser at 7-15 kw cm À2 . Both the ensemble and single-molecule fluorescence were collected by the combination of dichroic (F73-866 (Alexa647) and F38-561 (mEOS2), Semrock) and emission filter (F37-692 (Alexa647) and F39-617 (mEOS2), Semrock). The fluorescence was collected using a sensitive EMCCD camera (Evolve, Photometric). The acquisition sequence was driven by MetaMorph software (Molecular Devices). We used multicolor fluorescent microbeads (Tetraspeck, Invitrogen) as fiducial markers to register long-term acquisitions and correct for lateral drifts and chromatic shifts. Single-molecule localization and super-resolution image generation were performed as described in the singlemolecule localization method section.
Dispersion analysis
We first generated sptPALM acquisitions using fast acquisition frequency (100 Hz; 8,000-12,000 frames; 80-120 s). Fluorescent single molecules were localized as described above. We generated a super-resolution time-lapse sequence (frame rate 5 s, 500 images) from which high-density zones of localizations were identified using wavelet-based segmentation method (Racine et al, 2006 (Racine et al, , 2007 Izeddin et al, 2012; Rossier et al, 2012; Kechkar et al, 2013) . High-density zones correspond to locations where repetitive mEOS2 fluorescence was detected. This analysis allowed to reject fast diffusing molecules and to select specifically zones of immobilized or slowly mobile molecules. For each spine, we quantified the distances of each zone compared to the centroid of all detected zones. For each condition, we used box plots displaying the median and mean of distance distribution from the centroid of all zones ( Supplementary Fig S3D) . Dual-color PALM/dSTORM experiments were analyzed similarly, except that we measured the distances between mEOS2 high-density zones with respect to the centroid of PSD-95-A647 zones (Figs 3E and 7C, and Supplementary Fig S6C) .
Domain size analysis
ArpC5A, Abi1, VASP, IRSp53 and PSD95 domains were identified from super-resolution images by custom software written as a plug-in running inside MetaMorph software. Single-molecule-based super-resolution images were reconstructed from the 20,000 frames before being analyzed. Domains, which corresponded to clusters of high-density zones, were first identified by wavelet segmentation. Domain dimensions were then computed by twodimensional anisotropic Gaussian fitting, from which the long and the short axes were extracted as 2.3r long and 2.3r short , respectively. The long and the short axes of each domain were exported to calculate their respective distribution, median and mean ( Fig 3D  and Supplementary Fig S6B) .
Statistical analysis
D'Agostino and Pearson omnibus test was used to test whether values in each sample came from a Gaussian distribution (normality test). Non-Gaussian distributions of speeds (Fig 1D) , distances (Figs 3E and 7C, and Supplementary S6C) , domain sizes ( Fig 3D and Supplementary Fig S6B) and diffusion coefficient (Figs 4I, 5I
and 6I) were represented by box plots displaying the median (notch) and mean (square) AE percentile (25-75%) and compared two by two using non-parametric, two-tailed Mann-Whitney rank sum test. Small samples, such as fractions of immobilization (Figs 4H, 5H and 6H) , were represented as mean AE SEM and compared using two-tailed unpaired t-test.
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